A set of analytical equations are developed for calculating the beam-column assemblage flexure action capacity and compression arching action capacity under a middle column removal scenario. The suggested equations covered most of the main parameters affecting the assemblage behavior including seismic detailing, longitudinal reinforcement ratios, concrete confinement, and the contribution of concrete flanged slabs. The proposed analytical model for predicting the flexural and compression arching action capacities is validated with a large number of experimental results. The model provides a good estimation for 79 beam-column assemblages with several geometrical, reinforcement configurations, and material parameters. The mean values of the experimental to the theoretical ratio for calculating flexure and compression arching capacities are 1.15 and 1.16, respectively. The predictions of previous compression arch action models are found to be more conservative. Finally, the proposed model is utilized in parametric studies including all key parameters that affected resistance of the beam-column assemblages against progressive collapse.
INTRODUCTION
Progressive collapse is defined as a failure in one element of the building and extended to other elements, which could result in the collapse of the entire building [1, 2] . In recent decades, several numbers of theoretical and laboratory research have been carried out regarding the progressive collapse. However, laboratory research on the behavior of beam-column assemblages under mid-column loss scenarios is considered to be relatively limited [3] . In-Situ tests are the best way to model the behavior of concrete frames to cope with successive collapses, but these tests have a very high cost. Previous research and experiments have shown that the multi-story concrete frames can be simplified in a single-story structure with good representation of boundary conditions [4] . In order to obtain the behavior of the beam-column assemblage under the scenarios of the loss of the interior column, a number of samples containing different variables were collected and studied [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . After analyzing the laboratory results related to the behavior of the beamcolumn assemblages, it was found that the compressive arch action capacity (CAA) is one of the most important resistance mechanisms to the progressive collapse under the influence of losing interior columns. CAA is generally achieved in reinforced concrete beams at few displacements and leads to 30-150% improvement in the structural resistance as reported in [11] .
Subsequently, the focus was on the calculation of the arch action capacities but with limited consideration of the assemblage slabs contributions and the detailing of both longitudinal and horizontal reinforcements. By considering these supplementary issues, a theoretical model to expect the beam-column assemblage behavior under column loss scenarios is introduced in the present study. Concentration has been placed on the development of an easy and simplified model for calculations of the desired capacities. A widespread assessment survey is done in order to investigate the credibility and sensitivity of the proposed model [18] . The literature results including many sources were utilized and compared to the theoretical calculations. The assessment signifies that the proposed model could offer a valid estimation of arching capacities.
FORMULATION OF THE PROPOSED MODEL

Assumptions
Prior to removing the interior column, concrete cracking occurred at the connection between the beam and the removed column. The vertical load from the above structure that was carried by the removed interior column is then converted to a concentrated load on the two-bay beam-column assemblage. The assemblage resistance to the progressive collapse is granted mainly by the flexural capacity of the beams at the initial loading phases. Subsequently, the beam elongates under the increment of the applied loads, however, the restraint by other members leads to the occurrence of compression arch action in the beam-column assemblage. The arching action in addition to the beam axial forces are shown in Fig.1 [19] , where the interior column consumes its bearing capability. Compression arch action mechanism in the beam-column assemblages is associated with axial compression forces.
Fig. 1. Compression arch action capacity in beam-column assemblage [19]
In parallel with the clarifications above, the following simplified assumptions are presented for the proposed model in evaluation of the assemblage flexural capacity and compression arch action: a) For the reinforcing steel bars in tension and compression, a bilinear curve is adopted for the stress-strain correlation as shown in Fig.2 ; b) The assumed concrete stress-strain curve is a parabolic and followed by a horizontal plateau including an ultimate strain of 0.003 anticipated with concrete crushing. When the ultimate strain is reached, an equivalent idealized rectangular stress block is used for concrete in compression as shown in Fig.2 ; c) A perfect adhering bond is supposed between the reinforcing steel bars and the concrete, which in turn leads to equal strain values for both steel bars and concrete at the same point along the assemblage span; d) Plane sections stick around plane prior and afterward bending, and consequently the strain distribution along beam depth is linear. e) The ultimate beam moment anticipated with the arching capacity is achieved after yielding of the main reinforcing steel bars; f) The assemblage flexural deformations are not considered at the stages of large displacements that reached as a result of progressive collapse; g) The assemblage failure modes and cracking patterns are assumed to be identical at the two beam sides of the eliminating middle column.
Derivation of Flexural Beam Action Capacity
For the beam-column assemblage, the flexural beam action capacity is corresponding to the initial yielding of tension steel bars. Prior to the removing of the interior column, there are bending moments at the upper beam sections, which located in both sides of the middle column. However, the extreme bending moments occur in the lower beam sections at the middle joint after the eliminating of the interior column. Therefore, the initial yielding of reinforcing steel longitudinal bars takes place at the regions of the center column stub. The geometry of the assemblage section with and without flanges is shown in Fig.  3 . The depth of the neutral axis (Z) can be calculated as follows:
Where b is the width of the section, d is the effective depth, ρ = A s / (bd), A s is the tension longitudinal reinforcement. ρ` = A s` / (bd), As` is the compression longitudinal reinforcement. n = E s / E c is the ratio of steel and concrete elasticity modulus.
By equilibrating the beam internal forces with Eq.
(1), the yielding moment can be obtained as per Eq. (2). In case of unsymmetrical beam-column assemblage reinforcement at both sides of the interior column, only the least yielding moment is considered.
My= fy
By equilibrating the beam external forces with the resisting moment as given by Eq. (2), the corresponding yield load applied at the center column stub is calculated as follows;
Fig. 2. The adopted stress-strain curves for (a) reinforcing steel bars and (b) the concrete a) Rectangular section of beam assemblage b) Flanged t section of beam assemblage
Fig. 3. Strain and stress distribution diagrams for middle section of assemblage
Where L 1 and L 2 are the beam spans between columns. Based on the assumption that was concluded by Jian et al. [20] , the anticipating curvatures with the initial yield load of the longitudinal reinforcement can be calculated based on Eq. (4) as follows;
In the case of unsymmetrical longitudinal reinforcement configurations at both sides of the interior column, only the least yielding curvatures are considered as stated by Paulay and Priestley [21] . By using the assumption of Yu and Tan, [22] in which a linear curvature distribution could be employed in the calculation of yielding displacement, the displacement at the point of the removed column is assessed as per Eq. (5). Δy= φy 3 (5)
Derivation of Compression Arch Action Capacity
The beam-column assemblage structural system is shown in Fig.4 , where the interior column collapses and drops its load sustaining ability. Subsequently, the load converted to a concentrated load P on the beam-column assemblage middle joint. The connection between the beam and the end columns is simplified to be a fixed connection in order to give an easy calculation of the compression arch action capacity. The simplification of the boundary conditions leads to facilitate the proposed equations, also allowing for a feasible solution to the design engineers. The assemblage resistance to successive collapse is guaranteed by the end flexural abilities of the beams (i.e. M e1 and M e2 ) as shown in Fig. 5 . Under compression arch action stage, the beam displacement increases as shown in Fig. 4 . Using the Park's model [23] , which is based on internal force equilibrium under the effect of concentrated loads, the ultimate resistance capacity (Pu) at CAA stage can be concluded through the following equations:
Assemblage Shear Load V= V e = V m (7) Vertical Load, P=2V
Talking moment at the assemblage end fixed connection;
By subsisting Eqs. (6, 7, and 8) into Eq. (9), the ultimate resistance capacity (P u ) can be attained:
Where: M pe1 and M pm1 are the assemblage first span plastic moments. The following sections present the derivation of assemble axial forces and plastic moments. Based on Lu,X et al. [6] , the maximum displacement Δ u can be obtained as follows:
For slab-beam-column sub-assemblage, the maximum displacement is given by:
EVALUATION OF GOVERNING PARAMETERS OF PROPOSED MODEL
Confined Compressive Strength of Concrete
The experimental results done by the researches in this field show that reinforcement configuration has a noticeable effect on the beam-column assemblage arch action capacity. Subsequently, the contribution of seismic and non-seismic detailing is assessed through an increasing factor in the concrete compressive strength. Mander et al., [24] stated that the confinement of concrete sections by appropriate stirrups layout leads to an increase in both ductility and strength of the concrete member. Utilizing Mander [24] findings, results in the following enhancement in the considered concrete compressive strength. 
Where f c and f cc are the unconfined concrete and confined concrete compressive strength respectively. f l is the concrete effective lateral stress and given through Eq. (14). 
Where f yst is the stirrups yield stress. ρ st is the ratio of transverse reinforcement to the confined concrete core. K e is the confinement effectiveness coefficient and equal to the ratio of effectively confined concrete to the full concrete section.
Calculation of Assemblage Axial Force
Referring to Figs. 3, 4, and 5, by equilibrating the beam internal forces, the assemblage axial forces can be calculated as follows:
Where: C c , C s are the total compressive forces in concrete and steel respectively, and T s is the tension force in reinforcing steel bars. The compressive forces C c , C s and steel tension force T s can be calculated as follows:
= fy As
The factor α is the stress reduction factor with a value of 0.67 for ECP-203-2017 [25] and 0.85 for ACI-318-14 [26] . The factor β is the equivalent compression block depth with a value of 0.80 for ECP-203-2017 [25] and 0.85 for ACI-318-14 [26] .
Determination of Plastic Moments
By equilibrating the beam internal forces in accordance with neglecting the contributions of the beam axial force, and reinforcement configurations Usefi et al., [27] evaluated the peak flexural load. Noting that the subscripts e and m describe the assemblage end and middle points correspondingly. The contribution of assemblage peak flexural capacity P Bf can be calculated separately in Eq. (20) as follows;
Where:
M pe2 and M pm2 are the plastic moments relating to the second span of the assemblage.
Regarding the middle point, the area of compression reinforcing steel bars is larger compared with the area of tension reinforcement. Consequently, the compression zone depth is roughly equivalent to 2 d` Jian et al. [20] . The plastic moment at the middle section is given as: In view of the published laboratory results related to the samples containing flanged sections, these samples provide extra resistance to the progressive collapse compared with rectangular specimens. Due to the existence of the concrete flange in the middle section, the concrete crushes before the yielding of upper reinforcement. In the other hand, regarding beam end section, the upper reinforcement yields and the lower compression steels did not yield at the peak loads. In other words, the end plastic mome is increased by adding the effect of concrete flange reinforcement. The interconnection between assemblage beam and slabs increase the compression arch action capacities. 
Moments and forces at the middle and end sections of the beam
Concerning the end section, the area of tension reinforcement is larger than the area of reinforcing steel bars. Therefore, the compression zone tic moment at the end
In view of the published laboratory results related to the samples containing flanged sections, these samples provide extra resistance to the progressive collapse compared with rectangular specimens. Due to the existence of the concrete e section, the concrete crushes before the yielding of upper reinforcement. In the other hand, regarding beam end section, the upper reinforcement yields and the lower compression steels did not yield at the peak loads. In other words, the end plastic moment M pe is increased by adding the effect of concrete flange reinforcement. The interconnection between assemblage beam and slabs increase the compression arch action capacities.
VALIDATION, COMPARAT PARAMETRIC STUDIES
Validation Studies with Experimental Results
With the aim of validating the proposed CAA model, seventy-nine beam-column assemblages were collected from the published researches and evaluated. The samples selected for the verification process were mentioned in [ The selected specimens had shear span to depth ratio (L/h) varying from 3.60 to 11.72 
Moments and forces at the middle and end sections of the beam
VALIDATION, COMPARATIVE, AND with Experimental
With the aim of validating the proposed CAA column assemblages were collected from the published researches and evaluated. The samples selected for the verification process were mentioned in [3, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The selected specimens had shear span to depth ratio (L/h) varying from 3.60 to 11.72 and the measured concrete strength ranged from 12. 
Comparative Studies with Some Existing Models
To ensure further verification of the proposed model, the pre-described assemblages were evaluated using some existing models. Therefore, the peak compression arch action capacity of seventy-nine beam-column assemblages has been re-evaluated by Park [23] and Usefi [27] models. Figs. 8 and 9 outline the calculated ratios of the experimental arching capacity Pu-expand theoretical arching capacity Pu-model for all models. The average ratio of the laboratory and the model's predictions are 1.21 and 1.20 for Park [23] and Usefi [27] , respectively. The standard deviation for both models is about 0.26. By comparing the two existing models with the proposed one, the average is higher by 4.50%. This difference can be explained by the fact that the proposed model includes the effect of the reinforcement configurations of the samples in addition to the effect of the flanged sections and their reinforcing bars in the calculation of peak arching capacities. In summary, the suggested model has the ability to calculate arching action capacities with the most influential variables to the beam-column assemblages. 
Parametric Studies
Typical beam-column assemblage was chosen in order to determine the effect of different parameters on the proposed peak arching action capacities. Figs. 10 and 11 show the variations of the predicted arching action with material parameters which include concrete compressive strength, and assemblage longitudinal reinforcing bars ratios. The arching capacity increases with the increase of material parameters. The arching capacity enhancement ratio due to the increase in concrete strengths is limited compared to the change in other material parameters. By increasing concrete strength from 25 MPa to 30 MPa (20% increment), the increase factor of arching capacity is about 4% which is a limited value. The increase of longitudinal reinforcement parameters has the same trend in increasing arching capacities. The increasing ratio of arching actions is more than 20% relating to 35% increase in the bottom and top longitudinal reinforcement ratios. 
Fig. 11. Effects of longitudinal steel ratios on the proposed peak arch action capacity
Figs. 12 and 13 show the differences of the proposed arching action with assemblage geometrical parameters that include the assemblage effective slab width in addition to the shear span to depth ratio. The increase of the slab effective width leads to an increase in the arching capacity while the increase in the beamcolumn assemblage spans leads to a decrease in the peak arching capacities. By increasing the slab effective width from 900 mm to 1200 mm (33% increment), the increase factor of arching capacity is about 12%. The decreasing ratio of arching actions is more than 22% relating to 25% increase in the shear span to depth ratios. It is obvious that the geometrical parameters in terms of assemblage span, depth, and effective slab width have a significant effect on the arching actions capacities. 
CONCLUSION
From the validation, comparative and parametric studies for the proposed model of RC beamcolumn assemblage under a middle column removal scenario, the following conclusions are made:
1. The validation study for seventy-nine tested assemblages, indicates that the proposed analytical model for predicting the flexural action and compression arch action capacities, provides a good estimation for beam-column assemblages with several geometrical, reinforcement configurations, and material parameters.
The mean values of the experimental to the theoretical ratio for calculating flexure and compression arching capacities (P y and P u CAA) are 1.15 and 1.16, respectively. The standard deviations (STDV) are about 0.23 and 0.15 for predicting flexure and compression arching capacities. 2. For Park and Usefi's models, the average ratio of experimental peak compression arch action capacity of seventy-nine assemblages and the model's predictions are 1.21 and 1.20 for Park and Usefi's, respectively. By comparing the two existing models to the proposed one, the average is higher by 4.50%. This difference can be explained by the fact that the proposed model includes the effect of the reinforcement configurations of the samples in addition to the effect of the flanged sections and their reinforcing bars. 3. The parametric study showed that the compression arch action capacity, significantly increases with increase of the flexural steel ratios. Also, it decreases with the increase of assemblage shear span to depth ratios. The existence of concrete flange leads to great enhancement in the arching action capacities, on the other hand, the concrete compressive strength had a limited effect of the arching capacity.
